The process e + e − → ppπ 0 has been studied by analyzing data collected at √ s = 3.773 GeV, at √ s = 3.650 GeV, and during a ψ(3770) line shape scan with the BESIII detector at the BEPCII collider. The Born cross section of ppπ 0 in the vicinity of the ψ(3770) is measured and the Born cross section of ψ(3770) → ppπ 0 is extracted considering interference between resonant and continuum production amplitudes. Two solutions with the same probability and a significance of 1.5σ are found. The solutions for the Born cross section of ψ(3770) → ppπ 0 are 33.8 ± 1.8 ± 2.1 pb and 0.06 +0.10+0.01 −0.04−0.01 pb (< 0.22 pb at a 90% confidence level). Using the estimated cross section and a constant decay amplitude approximation, the cross section σ(pp → ψ(3770)π 0 ) is calculated for the kinematic situation of the planned PANDA experiment. The maximum cross section corresponding to the two solutions is expected to be less than 0.79 nb at 90% confidence level and 122 ± 10 nb at a center of mass energy of 5.26 GeV.
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INTRODUCTION
The PANDA (AntiProton Annihilations at Darmstadt) experiment to be built as a part of the future Facility for Antiproton and Ion Research (FAIR) located at Gesellschaft für Schwerionenforschung (GSI) facility in Darmstadt (Germany) will address aspects in the field of non-perturbative quantum chromodynamics [1] . The PANDA experiment is designed to exploit the physics potential arising from a cooled high-intensity antiproton beam covering the center of mass energy range between ∼2.3 and 5.5 GeV and will perform studies of antiproton-proton annihilation and reactions of antiprotons with heavier nuclear targets [1] . The scientific program includes among other things the hadron spectroscopy up to the region of charm quarks and especially a detailed investigation of the spectrum of charmonium and charmonium hybrid states in the open charm sector, including the determination of masses, decay widths, decay properties and quantum numbers [1] .
All neutral states with non-exotic quantum numbers J P C can be directly produced in pp formation reactions. However, J P C exotic states can be produced in association with a meson, e.g. an additional pion: pp → π 0 X, where X is a J P C exotic hybrid or charmonium state [2] . To prepare experiments with PANDA, estimates for the production cross sections are required. They can be estimated by models relying on constant amplitude approximations and crossing symmetries requiring the a priori unknown ppπ 0 partial decay width of the states as an input parameter [2] . ppπ 0 decay widths for charmonium states below the open charm threshold have been reported by various experiments and are relatively well known [3] . However, information on the partial decay widths of higher lying charmonium states is still lacking [3] .
The lightest charmonium state which can decay to DD pairs is the ψ(3770) resonance. It was predicted by Eichten et al. [4] and discovered by Rapidis et al. [5] and has a mass of (3773.15 ± 0.33) MeV/c 2 and a width of (27.2 ± 1.0) MeV [3] .
As the mass of the ψ(3770) is slightly above the DD threshold and its width is large, it was expected to decay entirely into DD final states [6] . However, the BES collaboration measured the total non-DD branching fraction to be (14.7±3.2)% neglecting interference effects [7] [8] [9] [10] . The CLEO collaboration measured the non-DD branching fraction to be (−3.3±1.4 +6.6 −4.8 )% taking into account interference between electromagnetic resonant and electromagnetic non-resonant (continuum) amplitude assuming no interference with the three-gluon amplitude [11] . The different results might be explained by different treatments of the interference between electromagnetic resonant and electromagnetic non-resonant (continuum) amplitude. Meanwhile it has also been noticed that the interference of the continuum amplitude with the 3-gluon resonant amplitude, which is dominant compared to the electromagnetic resonant amplitude in ψ(3770) decays [12] , should be taken into account as well [12, 13] .
The decay channel of ψ(3770) → pp has been studied recently by the BESIII collaboration considering interference between resonant and continuum amplitude [14] . The measured energy dependence of the cross section was found to be in agreement with destructive interference and two indistinguishable solutions for the cross section of pp → ψ(3770) have been found, one of which is less than 27.5 nb at 90% confidence level and the other is 425.6 +42.9 −43.7 nb. In this paper, the Born cross section of e + e − → ppπ 0 in the vicinity of the ψ(3770) resonance is studied using data taken by the Beijing Spectrometer III (BESIII) experiment. The cross section of the decay ψ(3770) → ppπ 0 is measured taking into account the interference between the continuum and resonant production amplitudes and the cross section of pp → ψ(3770)π 0 , which is an estimate for open charm production in pp annihilations, for the kinematic situation at the PANDA experiment is evaluated using a model based on a constant amplitude approximation [2] .
EXPERIMENT AND DATA SAMPLES
The BESIII experiment is situated at the Beijing Electron-Positron Collider II (BEPCII) at the Institute of High Energy Physics (IHEP). BEPCII and BESIII [15] are major upgrades of the BESII experiment and the BEPC collider [16] . They cover the energy range from about √ s =2 GeV up to 4.6 GeV and thus allow for the study of physics in the τ -charm energy region. The double-ring e + e − collider is designed for a peak luminosity of 10 33 cm −2 s −1 at a beam current of 0.93 A at the ψ(3770) resonance peak. The detector, with an angular acceptance of about 93% of 4π, consists of 5 major components: (1) The innermost component is a helium gas based Main Drift Chamber (MDC), which has in total 43 layers, providing a single wire spatial resolution of 135 micron, a dE/dx resolution of better than 6%, and a momentum resolution of ∼0.5% for charged particles with momenta of 1 GeV/c in a 1 Tesla magnetic field. ( 2) The Time of Flight (TOF) system for particle identification (PID) is composed of a two-layer structure in the barrel and a one layer structure in the endcap region. It is built of plastic scintillators and provides a time resolution of 80 ps (110 ps) in the barrel (endcap) system, allowing a pion/kaon separation at a 95% confidence level (C.L.) up to about 1 GeV/c. (3) The Electromagnetic Calorimeter (EMC), which surrounds the MDC and the TOF system, consists of 6240 thallium doped cesium-iodide crystals and provides an energy resolution of 2.5% (5.0%) and a position resolution of 6 mm (9 mm) for photons with an energy of 1 GeV in the barrel (endcaps) part. (4) The superconducting solenoid magnet surrounds these three inner components, providing an axial uniform magnetic field of 1.0 Tesla. (5) The muon chamber system, embedded in the flux return of the magnet, consists of 9 (8) layers of Resistive Plate Chambers (RPCs) in the barrel (endcap) region and provides a spatial resolution of 2 cm. This paper presents a study of e + e − → ppπ 0 , which uses the following data sets collected with the BESIII detector: A data set (L = 2.9 fb −1 ) collected at the peak position of the ψ(3770) resonance (3.773 GeV/c 2 ) [17] , a data set (L =44 pb −1 ) collected at a center of mass energy of 3.650 GeV [17] , and 60 pb −1 of data accumulated during a ψ(3770) line-shape scan. For the sake of statistics, 25 small data sets in the scan data with varying luminosities in the energy range from 3.736 GeV to 3.813 GeV have been merged together into 7 separate data sets. The resulting center of mass energies of each set have been calculated by weighting the center of mass energies of the small data sets with their luminosity. Errors arising from this merging are considered in the systematic error (see section "Systematics Errors").
A Geant4-based [18] Monte Carlo (MC) simulation software taking into account the geometric and material description of the BESIII detector and the detector response is used for the determination of the detection efficiencies, the optimization of event selection criteria and the estimation of backgrounds. Since the intermediate products of the decay ψ(3770) → ppπ 0 (e.g. nucleon resonances) are unknown, the detection efficiency has been determined taking into account the kinematic properties of the decay products at different position in the Dalitz plot using simulated MC events. Polarization effects of the intermediate states, which might affect the detection efficiencies, are taken into account, too. Therefore, the extracted distribution of the polar angle of the π 0 in the data, which deviates from a phase space distribution, has been fitted and is taken as input in the simulation of MC samples (compare to figure 1 ).
Initial State Radiation (ISR) effects are not considered in the determination of the detection efficiencies, but are taken into account later. For the estimation of background contributions from γ ISR J/ψ, γ ISR ψ(3686) and e + e − → ψ(3770) → DD samples of MC events with a size equivalent to 1.3 and 4.8 times of the collected data are analyzed, respectively. Background arising from exclusive processes similar to the analyzed one, for example decays into ppπ 0 γ, are investigated with MC samples containing 20,000 events of the respective process each.
EVENT SELECTION
For e + e − → ppπ 0 events, the π 0 candidates are reconstructed by their dominant decay channel into two photons, resulting in a final state with two oppositely charged particles and two neutral photons. Hence, events with two charged particles resulting in a net charge of zero and at least two photon candidates are selected. The polar angles of charged tracks in the MDC have to satisfy | cos θ|<0.93, and the point of closest approach with respect to the e + e − interaction point is required to be within ±10 cm in the beam direction and ±1 cm in the plane perpendicular to the beam axis. The combined information of the specific energy loss of a particle in the MDC (dE/dx) and its TOF is used to calculate for each charged particle the confidence level for being a pion, a kaon or a proton/antiproton. A proton/antiproton candidate has to satisfy CL p >CL π and CL p >CL K , where CL x stands for the respective confidence level of the particle being a proton/antiproton, pion or kaon. Due to differences in detection efficiencies between data and MC simulations for small transverse momenta, the proton/antiproton candidates are required to have transverse momenta larger than 300 MeV/c. Photon candidates are reconstructed by their energy deposition in the EMC and are required to deposit at least 25 MeV in the barrel region (| cos θ|<0.8) and 50 MeV in the endcaps (0.86< cos θ<0.92). Showers from charged particles in the EMC are suppressed by requiring the angle between a photon candidate and a proton to be larger than 10
• and between a photon candidate and an antiproton to be larger than 30
• . Events with a proton, an antiproton, and at least two photons are subjected to a five-constraint (5C) kinematic fit to the initial 4-momentum of the colliding electrons and positrons and to the π 0 mass of the two photons, to provide more accurate momentum information on the final state. The χ 2 of the kinematic fit is required to be less than 50 and π 0 candidates are required to be within a ±3σ region of the π 0 mass to further reduce background. When more than two photon candidates are found, all possible ppγγ combinations are considered and the one resulting in the smallest χ 2 is selected for further analysis. Figure 1 shows the Dalitz plot and the projections of the Dalitz plot for all events selected at an energy of 3.773 GeV.
BACKGROUND ESTIMATION
Background from radiative return to the lower lying J P C = 1 −− ψ(3686) and J/ψ resonances, which is not considered in the ISR correction procedure, has been estimated using inclusive MC samples. This ISR related background is determined to be smaller than 0.5% and its contribution will be considered in the cross section calculation. Contributions from γ ISR J/ψ arise mainly due to reconstruction of fake π 0 s with the radiated ISR photons. Background from DD decays at an energy of 3.773 GeV is also estimated using inclusive MC samples. It is on the order of 0.015% of all reconstructed events and thus has been neglected. The data taken at 3.650 GeV can contain contributions from the ψ(3686) tail. Its cross section is estimated in [19] to be 0.136 ± 0.012 nb and this ψ(3686) tail contribution is also considered in the cross section calculation. The contributions of other decay channels (ψ(3770) → γχ ci → γpp(π 0 ) where i = 0, 1, 2, ψ(3770) → γη c → γpp , ψ(3770) → γη c (2S) → γpp , ψ(3770) → pp , ψ(3770) → ppγ , ψ(3770) → ppπ 0 γ , ψ(3770) → ppπ 0 γγ) were estimated to be less than 0.4% of all reconstructed events at each analyzed energy point. The contributions of decay channels with yet unmeasured branching ratios for the ψ(3770) resonance have been estimated by the corresponding decay channels of ψ(3686) and by π 0 sideband estimations and their number cannot be simply subtracted and will be considered in the systematic error.
CALCULATION OF THE CROSS SECTIONS
The observed cross sections at √ s=3.650 GeV and eight more energy points in the range from 3.746 GeV up to 3.804 GeV, including the data collected at the peak of ψ(3770) have been calculated according to
L , where L is the integrated luminosity, the corresponding detection efficiency (which includes also the branching fraction of the π 0 into two photons from [3] ) and N sig. the number of events passing the event selection. The background contribution from radiative returns to the lower lying J P C = 1 −− ψ(3686) and J/ψ resonances has been subtracted from N sig. .
The observed cross section is related to the Born cross section by σ 0 = σ obs. /(1 + δ), with σ 0 the Born cross section, σ obs. the observed cross section and 1 + δ the radiative correction factor, which includes ISR contributions, vertex corrections, and terms arising from the e + e − self-energy and the hadronic and leptonic vacuum polarization. The factor 1 + δ is calculated with the method described in [20, 21] . The contributions from vertex corrections, e + e − self-energy and the hadronic and leptonic vacuum polarization are independent from the lineshape of the cross section, but not the ISR contribution. As input for the lineshape a fit of equation 1 to the observed cross sections σ obs. is used and the radiative correction factors are calculated. The cross sections are then refined iteratively. At each iteration, the radiative correction factors are calculated and the cross sections are updated accordingly. After the first iteration, the radiative correction factors change by less than 10%, after the second iteration by less than 2%. After the sixth iteration the radiative correction factors remain constant. The maximum energy for the ISR photons considered in the radiative correction procedure is 9% of the beam energy. Table I gives an overview of the reconstructed events, determined cross sections, radiative correction factors and calculated Born cross sections. Figure 2 shows the calculated Born cross sections of e + e − → ppπ 0 for the inves- Table I . Summary of measurements of the number of reconstructed decays into ppπ 0 (before applying any corrections), the luminosities L, the average reconstruction efficiency average (reconstructed counts divided by efficiency corrected counts), the observed cross sections σ obs. , the radiative correction factors 1+δ and the calculated Born cross sections σ0. The small efficiency at 3.780 GeV is due to the observed event distribution in the Dalitz plot. The first error is the statistical error, the second one the uncorrelated systematic uncertainty. Correlated systematic uncertainties are not considered here. 
SYSTEMATIC ERRORS
Uncorrelated systematic errors in the cross section measurement do not only arise from the aforementioned decay channels (0.4%, compare to section "Background Estimation"), but also from the size of the MC samples (0.5%) and the efficiency determination. The error on the efficiency has been determined to be smaller than 1.5% by comparing different parametrizations of the Dalitz plot (dividing it into 11 × 11, 22 × 22 and 44 × 44 bins, respectively) for simulated MC events. These three error sources will be directly considered in the fit to the cross sections (compare to the next section).
The dominating systematic error sources are correlated among the different energy points and thus can not be considered directly in the fit -their effect on the final results is estimated by the offset method [22] . The largest correlated systematic error arises from the radiative correction procedure and the extraction of the Born cross section. It has been determined by comparing the applied radiative correction procedure with the structure function method proposed by [23] (2%), by a comparison of different MC decay models (3%) and by taking the largest difference of the results for different cuts (1.5%). To take into account polarization effects of intermediate states in the decay, the polar angle of the π 0 has been extracted by a fit from data. The systematic error for this procedure is determined by shifting the extracted values from the fit according to their error and calculating the cross sections again. The largest difference observed for the cross section is 0.7% and is taken as the systematic uncertainty.
The error which arises from the finite acceptance of the Dalitz plot at values larger than 7.7 GeV 2 /c 4 on both axes is estimated to be smaller than 2%.
The error from the kinematic fit is due to inconsistencies of the MC simulation and data. It is estimated to be less than 2% by comparing an inclusive MC event sample and a selected control sample of data. Further errors arise from the MDC tracking efficiency (1% (p), 1% (p)), the particle identification (1% (p), 2% (p)), the photon detection efficiency (2%) [24] and the error on the center of mass energy measurement of less than 1 MeV. The integrated luminosity for the data taken at 3.65 GeV and 3.773 GeV was measured using large-angle Bhabha events, and has an estimated total uncertainty of 1.1% [17] . The luminosity of the line shape scan data is determined with large angle Bhabha events, too. The estimated uncertainty is also 1.1%.
The total systematic uncertainty of the individual energy points is calculated by adding the errors in quadrature and thus is 6.2%.
To estimate the error of the fit to the Born cross sections (see section "Fit to the Born Cross Sections"), which arises from the binning of the scan data points, two different sets of binning have been compared to the nominal one. The largest differences of the central values of the fit are taken a systematic error and are added in quadrature to the systematic error of the fit results. The largest differences are 16% (solution 1 ) and 0.7% (solution 2 ) for the Born cross section σ 0 (ψ(3770) → ppπ 0 ), and 3.7% (solution 1 ) and 0.1% (solution 2 ) for the phase φ.
FIT TO THE BORN CROSS SECTIONS
The cross section of the ψ(3770) decay to ppπ 0 and other relevant quantities are extracted by a fit of
to the calculated cross sections. The resonant production amplitude is usually composed of the electromag- netic amplitude and the three-gluon amplitude. However, the electromagnetic amplitude can be neglected for the ψ(3770) [12] and thus the resonant production amplitude can be described by √ σ ψ . The mass m and the width Γ of the ψ(3770) have been fixed according to the world average values [3] . The continuum amplitude √ σ con can be described by a function of s; σ con = C/s λ , where the exponent λ is a priori unknown. The parameter φ describes the phase for an interference of resonant and continuum production amplitudes.
The continuum cross section itself is composed of two different components -an isospin I = 0 and an isospin I = 1 component -as the virtual photon arising as an intermediate state in an electron-positron annihilation can be associated with an isospin of I = 0 or I = 1. The ratio of the different isospin components of the virtual photon is for example discussed in [25, 26] . The basic idea is the dominance of single states in the virtual intermediate state, which can be for example (excited) ρ * or ω * mesons or coherent pion configurations with I = 0 and I = 1, resulting in a ratio of (I=0) : (I=1) = 1 : 9. Clearest evidence for such a ratio comes from the process e + e − → nπ around 2 GeV, where the ratio of I = 0 and I = 1 is measured to be ∼1:9 [25] . Also the electromagnetic decay width Γ ee of the ρ(770) and ω(782) mesons are in agreement with this ratio [3] . A constant ratio at higher energies is also consistent with the ideas of generalized vector meson dominance [25] .
Hence, the continuum amplitude should be expressed as A con = A I=0 con exp(iφ 1 )+A I=1 con exp(iφ 2 ) and Eq. 1 should contain two different phases. However, they can be combined again as a relative phase and one ends up with Eq. 1 considering the interference of the total continuum and resonant amplitudes.
The maximum likelihood fit yields two different solutions with the same χ 2 /ndf = 2.70/5 and thus with the same probability. A detailed explanation and a mathematical review of the multiple solution problem is given in [27] . The solutions for the Born cross section σ 0 (ψ(3770) → ppπ 0 ) are 0.06
−0.04 pb (solution 1 ) and 33.8 ± 1.8 pb (solution 2 ), respectively.
The results for the phases between resonant and continuum production amplitudes are φ = 269.8
• (solution 1 ) and φ = 269.7 ± 2.3
• (solution 2 ), which both are in agreement with a destructive interference (=270
• ). The parameters describing the slope of the continuum cross section are C = (0.4 ± 0.1) · 10 3 GeV 2λ pb (solution 1 ), C = (0.4 ± 0.6) · 10 3 GeV 2λ pb (solution 2 ) and λ = 1.4 ± 0.1 (solution 1 ) and λ = 1.4 ± 0.6 (solution 2 ). The unit and the large error of C are arising from the correlation of C and λ. The fit is shown in Figure  2 . The statistical significance of the resonant amplitude, calculated based on the differences of the likelihood values between the fit with and without assuming a resonant contribution, is for both solutions 1.5σ.
Using the estimated cross section and the Born cross section of the ψ(3770) resonance as given in [24] , the cross section of the processes pp → ψ(3770)π 0 can be calculated based on a constant decay amplitude approximation [2] for the kinematic situation at the PANDA experiment. According to this model the maximum cross section can be expected at a center of mass energy of 5.26 GeV, which is still in reach of PANDA [1] ; the results are < 0.79 nb at a 90% confidence level (solution 1 ) and 122 ± 10 nb (solution 2 ). The error for solution 2 has been determined by taking the difference of the original solution and the solution using the sum of measured value and error as input value for the calculation. Table II of data collected during a ψ(3770) line shape scan with the BESIII detector at the BEPCII collider, an analysis of the process e + e − → ppπ 0 has been performed. The Born cross section of e + e − → ψ(3770) → ppπ 0 has been extracted allowing the continuum production amplitude to interfere with the resonant production amplitude. Two solutions with the same probability are found. The Born cross section is determined to be 0.06 +0.10+0.01 −0.04−0.01 pb (< 0.22 pb at a 90% C.L.) or 33.8 ± 1.8 ± 2.1 pb. Both phases of the fit solution are consistent with 270
• , which is in agreement with a destructive interference. Using a constant decay amplitude approximation, the cross sec- Table II . A summary of the extracted results from the fit. The upper limits are determined at a 90% C.L., where the first error given is from the fit (i.e. from the uncorrelated sources) and the second error is from the correlated systematics. The phases given are the one from the solutions of the fitting procedure. tions of pp → ψ(3770)π 0 are calculated to be less than 0.79 nb at a 90% C.L. and 122 ± 10 nb at center of mass energy of 5.26 GeV [2] , respectively.
